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Abstract. Spatial distributions of the large-scale Birke-
land currents derived from magnetic ﬁeld data acquired
by the constellation of Iridium Communications satellites
have been compared with global-magnetosphere magneto-
hydrodynamic (MHD) simulations. The Iridium data, span-
ning the interval from February 1999 to December 2007,
were ﬁrst sorted into 45◦-wide bins of the interplanetary
magnetic ﬁeld (IMF) clock angle, and the dependencies of
the Birkeland currents on solar wind electric ﬁeld magni-
tude, Eyz, ram pressure, psw, and Alfv´ en Mach number, MA,
were then examined within each bin. The simulations have
been conducted at the publicly-accessible Community Co-
ordinated Modeling Center using the University of Michi-
gan Space Weather modeling Framework, which features a
global magnetosphere model coupled to the Rice Convection
Model. In excess of 120 simulations with steady-state condi-
tions were executed to yield the dependencies of the Birke-
land currents on the solar wind and IMF parameters of the
coupled model. Averaged over all IMF orientations, the sim-
ulation reproduces the Iridium statistical Birkeland current
distributions with a two-dimensional correlation coefﬁcient
of about 0.8, and the total current agrees with the climatol-
ogy averages to within 10%. The total current for individ-
ual events regularly exceeds those computed from statistical
distributions by factors of ≥2, resulting in larger disparities
between observations and simulations. The simulation re-
sults also qualitatively reﬂect the observed increases in total
current with increasing Eyz and psw, but the model underes-
timates the rate of increase by up to 50%. The equatorward
expansion and shift of the large-scale currents toward noon
observed for increasing Eyz are also evident in the simulation
Correspondence to: H. Korth
(haje.korth@jhuapl.edu)
current patterns. Consistent with the observations, the sim-
ulation does not show a signiﬁcant dependence of the total
current on MA.
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1 Introduction
Global simulations are becoming the research tool of choice
for exploring and understanding state and dynamics of plan-
etary magnetospheres. The physical processes in the cou-
pled solar wind-magnetosphere-ionosphere system can be
simulated using a variety of modeling techniques, which
are coarsely divided into three categories: full particle sim-
ulations (e.g., Pritchett, 2003), which treat both electrons
and ions kinetically; hybrid simulations (e.g., Winske et al.,
2003), in which ion motion is kinetic while approximating
electrons as a conducting ﬂuid; and magneto-hydrodynamic
(MHD) simulation (e.g., Raeder, 2003), which assume ﬂuid
motion of both ions and electrons. The practicability of a
simulation tool for a particular environment is predominantly
determined by the ability to meet the computational require-
ments, which scale, among other parameters, with the size
of the simulation volume. At Earth, the dimensions of the
magnetotail are so large that fully kinetic and hybrid simula-
tions of the entire magnetosphere are computationally unfea-
sible at this time. However, as a result of recent advances in
computing technology and parallelization of the simulation
codes, MHD global simulations of the terrestrial magneto-
sphere are now well within reach, and community access to
MHD simulations, such as through the Community Coordi-
nate Modeling Center (CCMC), has become commonplace.
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Because of the increased popularity these simulations enjoy
in attempting to understand the natural system and because
the simulations can only approximate the physics of the cou-
pling between solar wind, magnetosphere, and ionosphere, it
is important that the model output is validated against obser-
vations on a global scale and for a wide range of boundary
conditions.
A number of studies comparing products of MHD mod-
els with observations have been carried out in the past.
Early studies compared magnetic ﬁeld and plasma param-
eters along single spacecraft trajectories (e.g., Frank et al.,
1995; Raeder et al., 1997; Palmroth et al., 2001). However,
interpreting the results of these comparisons to identify spe-
ciﬁcareaswherethemodelsshouldbeimprovedprovedtobe
difﬁcult because the observations sampled only a small frac-
tion of the simulation volume. As a result, there remained an
ambiguityindistinguishingbetweenmissingorincompletely
implemented dynamics in the simulation and displacement in
time or location of the relevant process in the simulation rel-
ative to the point of observation.
Comparisons of simulation results with two-dimensional
distributions of auroral emissions offered the advantage of
providing coverage that maps to a large portion of simula-
tion space (Goodrich et al., 1998; Rae et al., 2010). How-
ever, signiﬁcant uncertainties in the analysis may result from
the indirect relationship between the observed and simulated
quantities, namely auroral emissions and particle precipita-
tion, because the physical processes in the auroral accelera-
tion region linking these quantities are not well enough un-
derstood to be captured in a predictive model (Carlson et al.,
1998; Ergun et al., 2002). Hence it can be difﬁcult to deter-
mine whether discrepancies between observed and predicted
emissionsimplyerrorsinthetechniqueforestimatingaurora,
missing plasma populations in the simulation, or important
differences in magnetospheric electrodynamics.
Two-dimensional distributions of simulated and observed
quantities have also been compared by use of integrated
quantities. Palmroth et al. (2005) compared the total Joule
heating in the Northern Hemisphere from the Grand Uniﬁed
Magnetosphere Ionosphere Coupling Simulation (GUMICS-
4) with estimates computed from electric ﬁelds measured by
the Super Dual Auroral Radar Network (SuperDARN) and
Pedersen conductances inferred from POLAR ultra-violet
and X-ray images. These authors found that the temporal
variabilityinthatsimulationresemblestheobservationsquite
well, while the Joule heating magnitude in the simulation is
about a factor of 10 lower than observed. Similar underesti-
mates were obtained when the simulation results were com-
pared to Joule heating magnitudes computed from an AE-
index-based proxy (Ahn et al., 1983) and using the Assimila-
tive Mapping of Ionospheric Electrodynamics (AMIE) tech-
nique (Richmond and Kamide, 1988).
Ground-based observations of magnetic ﬁeld perturba-
tions induced by toroidal currents ﬂowing in the ionosphere
wereusedtoassessmodelperformance(Raederetal.,2001b;
Ridley et al., 2001; Shao et al., 2002; Yu and Ridley,
2008; Yu et al., 2010). From the simulations, the ground
magnetic perturbations are computed from two-dimensional
Biot-Savart integration over the ionospheric toroidal cur-
rents (Fukushima, 1976; Raeder et al., 2001a). The tech-
nique depends critically on estimates of ionospheric con-
ductance and is therefore most suitable for use on the day-
side, where the conductance is produced predominantly by
solar extreme-ultraviolet radiation. Nevertheless, the near-
continuous availability of magnetic ﬁeld observations from
over 200 ground stations (Gjerloev, 2009), probing the simu-
lation space on a scale similar to that of auroral observations,
makes them attractive for evaluating the global models.
More recently, climatology averages of in-situ plasma
and magnetic ﬁeld observations in the magnetosphere from
multi-year satellite missions have been used for compara-
tive studies with MHD simulations (e.g., Guild et al., 2008;
Daum et al., 2008). These data sets extend the spatial cov-
erage of single satellite trajectories, and the averaged plasma
moments and vector magnetic ﬁeld can be compared directly
to the simulation variables. Validation studies based on these
data sets have shown that state-of-the-art MHD models are
capable of reproducing the large-scale features of the mag-
netosphere. However, the above climatological data sets can
only provide insight into the average conditions within the
magnetosphere and do not allow individual states of the so-
lar wind-magnetosphere-ionosphere interaction to be distin-
guished.
Direct comparisons of the instantaneous magnetospheric
state that are (1) global in nature, (2) do not rely on sup-
plemental assumptions to relate simulation results and ob-
servations, and (3) allow different solar wind driving con-
ditions to be distinguished, can be made with estimates of
ﬁeld-aligned Birkeland currents. Birkeland currents play a
fundamentalroleinconveyingstressbetweenmagnetosphere
and ionosphere and their distribution reﬂects the dynamic
state of the coupled system. They are therefore an ideal
diagnostic quantity to benchmark model performance. The
magnetic perturbations associated with the Birkeland cur-
rents are sampled globally by the constellation of Iridium
Communications satellites (Anderson et al., 2000), which
consists of 66 satellites in six 780-km altitude, circular
polar orbit planes. Current density distributions are rou-
tinely derived from the Iridium engineering magnetometer
data using the approach detailed by Waters et al. (2001).
The uncertainty of the derived Birkeland current densities
was established by Korth et al. (2004). Statistical distri-
butions of the Birkeland currents sorted by IMF orienta-
tion were compiled from “stable” current patterns identiﬁed
between February 1999 and December 2005 with no ad-
ditional assumptions (Anderson et al., 2008). The results
not only conﬁrmed but also improved upon previous statis-
tical models derived from Dynamics Explorer 2 (Weimer,
2001) and Ørsted data (Papitashvili et al., 2002), both of
which demonstrated that the IMF orientation fundamentally
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determines the magnetosphere-ionosphere (M-I) coupling
geometry. The stable current database was extended through
December 2007 by Korth et al. (2010), hereinafter P1, who
examined the control of solar wind electric ﬁeld, dynamic
pressure, and Alfv´ en Mach number on the distribution and
intensity of the currents. It was found that the solar wind
electric ﬁeld is the dominant factor determining the Birke-
land current intensity and that the large-scale Birkeland cur-
rents shift toward the dayside and expand equatorward with
increasing solar wind electric ﬁeld. The current intensity
shows only a modest dependence on solar wind dynamic
pressure after correcting for the solar dynamo dependencies.
Finally, normalizing the Birkeland current densities to both
the median solar wind electric ﬁeld and dynamic pressure ef-
fects, there was no signiﬁcant dependence of the Birkeland
currents on solar wind Alfv´ en Mach number.
Global distributions of the Birkeland currents observed by
the constellation of Iridium satellites were previously com-
pared to simulation results from the Lyon-Fedder-Mobarry
(LFM) MHD model (Fedder and Lyon, 1995; Fedder et al.,
1995; Mobarry et al., 1996) both for steady-state intervals
with opposite sign of the IMF By (Korth et al., 2004) and for
magnetic cloud events with slowly rotating IMF (Korth et al.,
2008a). The simulations were driven by solar wind (McCo-
mas et al., 1998) and IMF (Smith et al., 1998) data from the
Advanced Composition Explorer (ACE), located at the ﬁrst
Lagrangian point, L1, starting at least twelve hours prior to
the beginning of the respective event period. Comparison of
the observed and simulated Birkeland current distributions,
which are intimately related to the plasma drifts at the iono-
sphere, showed that the ionospheric convection pattern in the
MHD model and its dependence on the IMF orientation is
essentially correct. For southward IMF, the Birkeland total
currents in the simulation were about a factor of 2 larger than
observed, which was attributed to a combined effect of the
simulation overestimating the ionospheric electric ﬁeld and
the Iridium ﬁts underestimating the magnetic perturbations.
Finally, in all events examined, the Region-2 current sys-
tem was found to be largely under-represented because the
magnetospheric drift physics was not included in the model.
This fundamental difference in the current distribution im-
plies that the path of current closure in the simulation de-
viates from that of the natural system. Therefore, faithful
simulation of the magnetosphere requires the drift physics to
be included in magnetospheric global models.
The above comparisons of large-scale Birkeland current
observations with LFM simulation results demonstrated the
qualiﬁcation of the Iridium data set to benchmark the capa-
bilities of state-of-the-art magnetospheric models and pin-
point their strengths and shortcomings. However, the stud-
ies carried out thus far are not all inclusive and considered
only a limited range of the solar wind and IMF conditions.
The purpose of this work is to close this gap and assess com-
prehensively the current state of our modeling capabilities
using an MHD model with wide community access. This
is accomplished by comparing the observed dependence of
the large-scale Birkeland currents on IMF and solar wind pa-
rameters to global simulations. The basis of the observations
for the analysis below are the statistical results of Anderson
et al. (2008) and of P1, which deﬁne the M-I coupling geom-
etry and intensity by means of a small set of variables rep-
resenting the solar wind conditions, namely the IMF clock
angle and the solar wind electric ﬁeld and ram pressure. The
simulations were performed using the University of Michi-
gan Space Weather Modeling Framework implemented at the
Community Coordinated Modeling Center. The Iridium con-
stellationanddatabasearedescribedinSect.2, andtheglobal
magnetosphere model and simulation runs are presented in
Sect. 3. The comparison of the observed solar wind con-
trol of the Birkeland currents with simulation results are pre-
sented in Sect. 4. The results are discussed in Sect. 5 and
summarized in Sect. 6.
2 Iridium database
This study uses a database of “stable” current distributions
identiﬁed in the Iridium data from February 1999 to Decem-
ber 2007. The selection of these intervals from a total of
∼85000 two-dimensional spatial distributions of the Birke-
land currents is described in detail by Anderson et al. (2008)
and in P1. Brieﬂy, for each one-hour interval the Iridium
magnetometer samples were reduced to magnetic perturba-
tion data as described by Anderson et al. (2000), and Birke-
land current patterns with 4◦ latitude resolution were derived
from these perturbation data using the approach of Waters
et al. (2001). Since the magnetosphere can exhibit large-
scale dynamics on time scales that are shorter than the one-
hour data accumulation time, intervals suitable for the anal-
ysis were carefully selected from the overlap of the dom-
inant large-scale current regions between consecutive one-
hour distributions (Anderson et al., 2008). A fractional over-
lap of at least 45% was required to ensure that the automatic
procedure selected only those pairs of distributions that one
would visually identify as consistent. In addition, plasma
(McComas et al., 1998) and magnetic ﬁeld (Smith et al.,
1998) observations by the Advanced Composition Explorer
(ACE) satellite specifying the solar wind and IMF condi-
tions at the ﬁrst Lagrangian point, L1, were required to be
available. The selection criteria were met by a total of 1536
events, corresponding to 4% of the data. This set of events
is the basis for the comparisons described below.
The Birkeland currents are modulated by systematic varia-
tions in the ionospheric conductivity, which must be normal-
ized to distinguish the solar wind control of the currents from
conductance effects. The two main sources of ionization are
solar extreme ultraviolet (EUV) radiation and energetic parti-
cle precipitation. Because of the uncertainties in accounting
for the contribution from particle precipitation, we account
only for conductance variations due to solar illumination (see
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P1). Solar illumination controls the Birkeland currents pri-
marily by altering the Pedersen conductance, 6P, which can
be expressed in terms of the solar zenith angle as (Rasmussen
et al., 1988):
6P =4.5

1−0.85ν2

1+0.15u+0.05u2

/B, (1)
where ν = χ/90, u = F10.7/90, B is the magnetic ﬁeld
strength, F10.7 is the 10.7-cm solar radio ﬂux, and χ is the
solar zenith angle. We normalized the dayside current den-
sities to equinox conditions by multiplying each Birkeland
current distribution, ji(θ,φ), with the ratio of the conduc-
tance distributions at equinox, 6P,eq(θ,φ), and at the time of
the observations, 6P,i(θ,φ). The normalized current density,
j∗
i (θ,φ), is given by:
j∗
i (θ,φ)=ji(θ,φ)·6P,eq(θ,φ)/6P,i(θ,φ), (2)
where θ and φ are the magnetic colatitude and local time, re-
spectively. Equation (1) is applicable within the solar zenith
angle range 0◦ ≤ χ ≤ 85◦. For χ > 85◦, the conductance
variationsduetosolarEUVarenotexpected. Thenormaliza-
tion factor is therefore set to smoothly transition to unity as
described in P1 so that the current densities on the nightside
remain unaffected by the normalization.
The identiﬁed Iridium Birkeland current distributions span
a wide range of solar wind conditions and can be used to
test the steady-state conﬁguration in global magnetosphere
simulations. As stated above, the Birkeland currents were
previously found to be well correlated with the solar wind
conditions as described by the IMF clock angle, α, the mag-
nitude of the solar wind electric ﬁeld in the plane normal to
the Earth–Sun line, Eyz, and the solar wind dynamic pres-
sure, psw. From the Iridium observations, the dependencies
of Birkeland currents on solar wind observations could be
determined for low to moderate solar wind electric ﬁelds,
Eyz ≤4.5mVm−1, for which the number of Birkeland cur-
rent distributions in the database was statistically signiﬁcant
(P1). The corresponding range for the solar wind dynamic
pressure is 0<psw <4nPa. The Birkeland currents did not
show a signiﬁcant dependence on solar wind Alfv´ en Mach
number, MA, when normalized for both electric ﬁeld and
pressure effects. Nevertheless, we retain MA as a simulation
parameter to test the null result in the range 0 < MA < 11
spanned by the Iridium events.
3 Global simulation
The simulations were performed using the University of
Michigan Space Weather ModelingFramework (SWMF)im-
plemented at the Community Coordinated Modeling Center
(CCMC, http://ccmc.gsfc.nasa.gov). The SWMF integrates
various numerical models from the solar corona to the up-
per atmosphere into a coupled model (Toth et al., 2005).
In this study we use a subset of this framework, which in-
cludes only the global magnetosphere, inner magnetosphere,
and ionosphere modules. The global magnetosphere is sim-
ulated by the Block-Adaptive Tree Solar wind Roe-type Up-
windScheme(BATS-R-US)globalMHDcode(Powelletal.,
1999). The BATS-R-US model solves the ideal MHD equa-
tions in ﬁnite volume form using numerical methods on an
adaptive grid composed of rectangular blocks arranged in
varying degrees of spatial reﬁnement levels. The conditions
at the simulation inner boundary, located at 3 RE geocen-
tric distance, are determined by an ionospheric electric po-
tential solver, which computes the two-dimensional distri-
bution of the ionospheric electric potential from the ﬁeld-
aligned currents provided by the MHD simulation using a
semi-empirical model for the ionospheric conductance (Ri-
dley and Liemohn, 2002; Ridley et al., 2004). The electric
potential is mapped back to the boundary where it is used
to compute the E×B ﬂow of the magnetospheric plasma.
The MHD model does not account for gradient or curvature
drifts, which dominate the plasma ﬂow of 1–200keV ring-
current ions, and, consequently, does not adequately simulate
the pressure distribution in the inner magnetosphere. The
resulting underestimate of the Region-2 Birkeland currents
was evidenced in previous comparisons of observations with
simulation output from the LFM MHD model (Korth et al.,
2004, 2008a). In the SWMF v7.73 conﬁguration used here, a
more realistic representation of the plasma population in the
inner magnetosphere is achieved through bi-directional cou-
pling of the MHD simulation to the Rice Convection Model
(RCM) (Harel et al., 1981; Toffoletto et al., 2003) as de-
scribed by De Zeeuw et al. (2004). Brieﬂy, the MHD sim-
ulation provides estimates of the magnetic and electric ﬁelds
and of the plasma density, velocity, and pressure moments
to the RCM. The RCM then uses a multi-ﬂuid formalism to
describe adiabatically drifting isotropic particle distributions
in the self-consistently computed electric ﬁeld and a mag-
netic ﬁeld speciﬁed by the MHD model. Finally, the density
and pressure spatial distributions computed from the RCM
particle distribution functions are used to correct the plasma
parameters in the MHD model, resulting in improved esti-
mates of the Region-2 Birkeland currents. In the coupling
framework, execution of the MHD and RCM models is al-
ternated continuously on a simulation time scale of 10s. The
SWMF was selected for this study because initially it was the
only model available at the CCMC that offered coupling of
global and inner-magnetospheric models, which was found
to be fundamentally important for accurate simulation of the
natural system. The CCMC was chosen as the host for the
simulations because of its public accessibility and because
of its infrastructure to support large numbers of simulations
on demand.
The parametrization of the global simulation is selected
to match the range of moderate solar wind conditions cor-
responding to the Iridium intervals selected in Sect. 2. To
keep the number of simulations required for comparison
within reason, the simulations were executed for the IMF
clock angles α =0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦, and
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315◦ modifying one of the parameters Eyz, psw, or MA at a
time emanating from an average magnetosphere conﬁgura-
tion. The state of origin for the simulations is thereby given
by the nominal solar wind conditions Eyz = 2.8mVm−1,
psw = 1.7nPa, and MA = 6.5, which correspond approxi-
mately to the median values computed from the observations
in P1. The solar wind electric ﬁeld was simulated for the
magnitudes Eyz =1, 2, 3, and 4mVm−1, yielding 32 indi-
vidual model runs. The solar wind dynamic pressure and
Alfv´ en Mach number were simulated for psw = 1, 2, 3, 4,
and 5nPa and MA =2, 4, 6, 8, 10, 12, and 14, respectively,
resulting in 40 and 56 model runs, respectively. The total
number of simulations carried out for this study is thus 128.
The detailed parametrization of the model runs is contained
in the supporting online materials.
Prior to simulation, the physical quantities deﬁning the
Birkeland currents must be translated into the native simula-
tion variables, namely, the solar wind density, nsw, velocity,
vsw, and the IMF components, By and Bz. Given the deﬁni-
tions
Byz =
q
B2
y +B2
z, (3)
Eyz = vswByz, (4)
psw = mpnswv2
sw, (5)
MA =
vsw
√µ0nswmp
Byz
, (6)
where Byz is the magnitude of the magnetic ﬁeld in the plane
perpendicular to the Earth-Sun line, mp is the proton mass,
and µ0 is the vacuum permeability, the simulation variables
are obtained as
nsw =
µ0p2
sw
mpM2
AE2
yz
, (7)
vsw =
EyzMA
√
µ0psw
, (8)
Byz =
√
µ0psw
MA
, (9)
By = Byzsinα, (10)
Bz = Byzcosα. (11)
Two-hour simulations with ﬁxed upstream boundary condi-
tions were carried out for each set of modeled conditions
computed from Eqs. (7)–(11) on a simulation grid with ∼2
million cells, the highest resolution made available for com-
mon public use at the time of this study. The simulation
requires speciﬁcation of additional parameters, which were
chosen as follows. First, the dipole tilt angle was set to 0◦,
consistent with the normalization of the Iridium Birkeland
currents to equinox conditions. Second, the temperature of
the solar wind was approximated as 10eV, or 1.2×105 K.
Third, the 10.7-cm solar radio ﬂux intensity, which is used by
the semi-empirical conductance model to estimate the contri-
bution of solar EUV ionization to the Pedersen and Hall con-
ductances, was set to F10.7 = 150×10−22 Wm2 Hz−1. Fi-
nally, the solar wind velocity components vy,z and the IMF
Bx were set to 0kms−1 and 0nT, respectively.
To ensure a high-ﬁdelity representation of the magneto-
spheric state, the simulation must be allowed to settle for a
given set of boundary conditions. Since reaching the equi-
librium state may require a large number of time steps, the
simulation time was chosen as a compromise between the
ﬁnal state conditions and the computation time that can be
dedicated to the simulation of an individual set of boundary
conditions. To establish the simulation time, the evolution of
the Birkeland total current
I =
49 X
θ=1
23 X
φ=0
|j(θ,φ)|δA
2
, (12)
was used as a proxy for assessing the approach of the equi-
librium state. In Eq. (12), δA=R2
i δφδθ sinθ is the area el-
ement computed using Ri = 6481 km for the radius of the
ionosphere at an assumed altitude of 110km, δφ =1h, and
δθ = 2◦. Figure 1 shows the total current, I, from BATS-
R-US simulations of ﬁxed nominal solar wind conditions
with IMF Bz =−5nT, vsw =400kms−1, nsw =5cm−3, and
T =2.3×105 K with and without coupling to the RCM as a
function of simulation real time. The ﬁgure shows that the
pure MHD model reaches the ﬁnal state after as little as 1h,
while the time to approach equilibrium is substantially pro-
longed with the bi-directional coupling between the global
and inner-magnetospheric models. The total current in the
coupled simulation after 1, 2, 3, and 4h amounts to 1.31,
1.43, 1.50, and 1.53MA, respectively. At the end of the 4-h
settling period, the total current of the steady-state simula-
tion no longer increases monotonically but ﬂuctuates by less
than 1% of the total magnitude. This uncertainty in the equi-
librium state is negligible for the purpose of this study. As-
suming the state at the end of the 4-h simulation interval is
approximately the equilibrium state, we ﬁnd that the simula-
tion resembles the ﬁnal state after 2h to within <10%. The
error associated with limiting the simulations to 2h of real
time is typically lower than the uncertainties in the analysis
of the Iridium observations discussed below. The distribu-
tions of the Birkeland current density after 1–4h of simulated
real time are shown in Fig. 2. Visual comparison of the cur-
rent patterns in the ﬁgure suggests that the geometry of the
Birkeland currents is also well established after 2h. Based on
the analysis above, we therefore limited all simulation runs
to 2h of real time, and used only the ﬁnal state, i.e., the last
simulation time step, for comparative analyses.
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Fig. 1. Evolution of the Birkeland total current during a 4-h simula-
tion of nominal southward IMF conditions using the SWMF model
with (solid line) and without (dotted line) coupling to the RCM.
4 Comparison of Birkeland currents with MHD
simulation results
4.1 IMF clock angle dependence
We ﬁrst compare the observed Birkeland current patterns
with those obtained from the simulations. For this we pro-
ceed as described by Anderson et al. (2008) and sort the
1536 two-hour distributions observed by Iridium into 45◦-
wide bins of the IMF clock angle centered at 0◦, 45◦, 90◦,
135◦, 180◦, 225◦, 270◦, and 315◦. The averaged current den-
sity distributions within each clock angle bin are shown in
Fig. 3, where upward and downward currents are shown in
red and blue, respectively, and the IMF direction for each
distribution is indicated by the arrows in the center of the
panel. Only current densities above the 2σ conﬁdence level
are shown, and black contours are placed in 0.1µAm−2 in-
crements to emphasize the structure in the distributions. For
comparison, the current distributions obtained from the sim-
ulations are shown in Fig. 4 using the same format as used
in Fig. 3. The Iridium average distributions include observa-
tions from the full range of solar wind electric ﬁelds included
in the database, i.e., 0≤Eyz ≤4.5mVm−1. For Fig. 4, we
therefore averaged the simulation results for Eyz = 1, 2, 3,
and 4mVm−1 within each clock angle bin. To facilitate the
comparison between the distributions of Figs. 3 and 4, re-
gions where upward and downward currents are in common
between the observations and the simulations are outlined by
solid red and blue contours, respectively. From visual com-
parison of these contours we ﬁnd that the simulated Birke-
land current patterns are overall in good agreement with the
Iridium average distributions.
To quantify the similarity of observed and simulated dis-
tributions, we calculated both the average fractional over-
lap and the two-dimensional cross-correlation coefﬁcient for
the observed and simulated current distributions within each
IMF clock angle bin. The fractional overlap, QOS, is deﬁned
as
QOS =AOS/(AO+AS−AOS), (13)
where AO and AS are the areas associated with the large-
scale currents in the observations and simulations, respec-
tively, and AOS is the area of the overlap. The fractional
overlapiscomputedseparatelyfortheupwardanddownward
current region to yield an average magnitude, QOS. This
technique was successfully used by Anderson et al. (2008)
to identify the similarity of consecutive one-hour distribu-
tions of the Birkeland currents. In the computation of QOS,
the areas in Eq. (13) were restricted to include only current
densities larger than the mean of the 3-σ standard devia-
tions obtained for each grid location in the Iridium statistics
(∼0.02µAm−2). The values of QOS, shown for each IMF
clock angle bin in Table 1, demonstrate a signiﬁcant over-
lap, ∼60%, for southward IMF orientations. For increas-
ingly northward-turning IMF, the fractional overlap dimin-
ishes and reaches a minimum of 13% for the northward di-
rection.
The two-dimensional discrete cross correlation of the ob-
served current density distribution jO(θ,ϕ) ≡ gk,l and the
simulation result jS(θ,ϕ)≡hk,l is deﬁned by
Corr(g,h)i,j =
N−1 X
k=0
M−1 X
l=0
gi+k,j+lhk,l =F
 
Gk,lH∗
k,l

i,j, (14)
where i and j are the lags applied to gk,l, Gk,l and Hk,l
are the discrete Fourier transforms of gi,j and hi,j, the
asterisk denotes complex conjugation, and F signiﬁes the
Fourier transform (Press et al., 1994). The correlation coef-
ﬁcient between jO(θ,ϕ) and jS(θ,ϕ) is then given by rOS =
Corr(g,h)0,0, and the equatorward shift and azimuthal ro-
tation of the observed distribution relative to the simulation
is provided by the lags associated with the maximum corre-
lation, rOS,max =Max
 
Corr(g,h)i,j

. The correlation coef-
ﬁcients, relative equatorward displacements, and azimuthal
rotations are shown for all IMF clock angle bins in Table 1.
Consistent with the analysis of the fractional overlap, the
correlation between observed and simulated current distribu-
tions is largest, ∼0.8, for southward IMF and smallest, ∼0.5,
for northward IMF. That both the fractional overlap and the
cross-correlation coefﬁcients are lower for northward IMF
conditions is predominantly due to smaller areas occupied
by the large-scale currents, for which slight relative displace-
ments yield a large penalty in these performance metrics.
From analysis of the lag in the cross correlation it is evi-
dent that the location of the large-scale current regions agree
to within 2◦ in latitude and that, compared to the simulation,
the axis of symmetry observed in the Birkeland current dis-
tributions for southward IMF is rotated by as much as 1h in
local time toward pre-noon.
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Fig. 2. Distributions of the upward (red) and downward (blue) Birkeland current density from the SWMF model with RCM coupling (a) one,
(b) two, (c) three, and (d) four hours of real time into the simulation of nominal southward IMF conditions.
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Database: 1999-2007, 1536 two-hour intervals
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Fig. 3. Statistical distributions of the large-scale upward (red) and downward (blue) Birkeland currents obtained from 1536 two-hour
distributions observed by Iridium. The IMF direction projected in the Y-Z GSM plane for each distribution is indicated by the arrows in the
center. Only currents above the 2σ conﬁdence threshold are shown. The red and blue contours indicate the overlap of the large-scale upward
and downward current regions, respectively, with those obtained from the simulation.
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CCMC BATS-R-US+RCM MHD Simulations
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Fig. 4. Large-scale Birkeland current distributions from two-hour MHD simulations using the BATS-R-US plus RCM model running at the
CCMC shown in the same format as Fig. 3. The red and blue contours indicate the overlap of the large-scale upward and downward current
regions, respectively, with those obtained from the observations.
Table 1. Dependence of the similarity of observed and simulated Birkeland current patterns on IMF clock angle. The similarity is quan-
titatively deﬁned by the average factional overlap of the large-scale current regions, QOS, and the two-dimensional correlation coefﬁcient
computed without rotation or shift, rOS. Azimuth rotation and equatorward shift shown are the lags maximizing the correlation coefﬁcient.
IMF Clock Fractional Azimuth Equatorward 2-D Correlation coefﬁcient
angle [◦] overlap QOS [%] rotation [◦] shift [◦] rOS rOS,max
0 13 1 −1 0.54 0.55
45 25 0 0 0.68 0.68
90 55 21 0 0.76 0.81
135 57 17 2 0.71 0.86
180 58 14 2 0.80 0.91
225 59 10 2 0.78 0.88
270 56 8 0 0.80 0.81
315 29 21 0 0.75 0.76
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Fig. 5. Dependence of total current on solar wind electric ﬁeld, Eyz, and IMF clock angle, α, for the Iridium observations (blue dots) and
the BATS-R-US plus RCM simulations (red dots). The lines of the respective color represent the linear least-squares ﬁt functions noted at
the top of each graph.
Finally, the Birkeland total current ﬂowing between mag-
netosphere and ionosphere in the simulation was compared
with the Iridium average distributions. The Birkeland total
current was calculated from Eq. (12). For the observations,
only current densities with magnitudes above the 3σ con-
ﬁdence level were included in the total current calculation.
The total current for each IMF clock angle bin is shown in
Table 2, the indices “O” and “S” represent the observations
and simulations and the indices “down” and “up” denote the
totalcurrentindownwardandupwarddirection, respectively.
Also shown in Table 2 is the ratio between the simulated and
observed total current, IS/IO.
4.2 Solar wind electric ﬁeld dependence
The P1 statistical analysis identiﬁed the solar wind electric
ﬁeld as the primary quantity determining the Birkeland cur-
rent intensity. Analysis of the dependence of I on Eyz is
therefore the natural next step in comparing the simulation
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Table 2. Dependence of the Birkeland total current I on IMF clock angle computed from the observed (index “O”) and simulated (index
“S”) Birkeland current distributions. The average total currents, IO and IS, represent the averages of the magnitudes of the respective total
downward (index “down”) and total upward (index “up”) currents.
IMF Iridium BATS-R-US + RCM
Clock IO,down IO,up IO IS,down IS,up IS IS/IO
angle [◦] [MA] [MA] [MA] [MA] [MA] [MA] ratio
0 −0.22 0.28 0.25 −0.11 0.12 0.12 0.48
45 −0.45 0.42 0.44 −0.27 0.40 0.34 0.77
90 −0.93 0.83 0.88 −0.83 0.93 0.88 1.00
135 −1.73 1.62 1.68 −1.33 1.45 1.39 0.83
180 −1.59 1.60 1.60 −1.67 1.67 1.67 1.04
225 −1.36 1.39 1.38 −1.54 1.40 1.47 1.07
270 −0.73 0.80 0.77 −1.00 0.86 0.93 1.16
315 −0.35 0.40 0.38 −0.41 0.31 0.36 0.95
with the observations. Figure 5 shows scatter plots of the ob-
served total current, IO, versus Eyz (blue dots) for the sta-
ble intervals identiﬁed in the Iridium data set within each
IMF clock angle bin (cf. P1). The Eyz was thereby cal-
culated from ACE observations using Eq. (4). The statis-
tical dependence was estimated by linear least-squares ﬁts
of these data (blue line). Shown in red are the total cur-
rents of the simulations, IS, and the corresponding linear
least-squares ﬁts. The parameters and uncertainties for the
ﬁts are provided at the top of each panel in the respective
color. The total current computed for individual 2-h intervals
for nominal Eyz magnitudes of 2–3mVm−1 are noticeably
larger than those obtained from the averaged Birkeland cur-
rent patterns noted in Table 2, which is indicative for consid-
erable variability in the current distribution among the events
in each IMF clock angle bin. The linear ﬁts of the sim-
ulated total currents typically reﬂect the lower limit to the
event-base current estimates, which in some cases can ex-
ceed the simulated value by a factor of ∼5. Since the areas
of the simulated and observed Birkeland currents are sim-
ilar (cf. Figs. 3 and 4), this discrepancy is consistent with
previous comparisons of ﬁeld-aligned current densities from
SWMF simulations with CHAMP observations (Wang et al.,
2008). The linear ﬁts of the event-based current estimates
show disparities with respect to the simulations, which ex-
tend over the entire Eyz range examined here and which con-
sist of two components. First, the average observed total cur-
rent in the magnetospheric ground state, i.e., in absence of
a solar wind electric, is 2–4 times larger than obtained from
the simulations. Second, for southward IMF the differences
between observations and simulation widen further with in-
creasing Eyz due to the stronger dependence of the observed
total current on this quantity. The observations show an in-
tensiﬁcation of the total current with increasing Eyz, which
is strongest for southward IMF (0.8MA(mVm−1)−1) and
gradually weakens as the IMF turns northward. The sim-
ulation reproduces the observed dependence on Eyz quali-
tatively, although the maximum slope in the simulation for
southward IMF (0.6MA(mVm−1)−1) is about 25% smaller
than observed.
In addition to modulating the current intensity, the anal-
ysis in P1 showed that the solar wind electric ﬁeld mod-
iﬁes the topology of the Birkeland currents. An increase
in Eyz thereby results both in an equatorward expansion
of the large-scale currents and a shift toward the dayside.
The technique to evaluate these parameters from the distri-
bution of the horizontal magnetic perturbations, δB, associ-
ated with the large-scale Birkeland currents was described
in P1. Brieﬂy, the grid positions of the magnetic perturba-
tions were parameterized with a colatitude expansion factor
and an offset along the noon-midnight meridian. Choosing
the distribution for Eyz =2mVm−1 as the reference δB pat-
tern, the best-ﬁt latitudinal expansion factor and noonward
shift were then determined by minimizing the root-mean-
square (rms) of the vector magnetic ﬁeld residuals relative to
the reference distribution. The above analysis is well-suited
for southward IMF conditions, where the large-scale Birke-
land current are distributed over a wide range in latitude, but
typically yields unreliable results for northward IMF orienta-
tion for which the currents are concentrated at high latitudes
(see P1). We therefore restrict the comparison of the simu-
lation results with the observations to the IMF clock angle
range 90◦ <α <270◦. Figure 6 shows the colatitude expan-
sion as a function of Eyz for all IMF clock angle bins with
Bz ≤ 0nT in the same format as used in Fig. 5. Compari-
son of the observations (blue dots) with the simulation re-
sult (red dots) demonstrates that the simulation captures the
equatorwardexpansionoftheBirkelandcurrentqualitatively.
The linear ﬁts to these data yield observed and simulated co-
latitude expansion factors averaging 3.0%(mVm−1)−1 and
2.4%(mVm−1)−1, respectively. The observed average is el-
evated by the expansion factor determined for α =180◦ and
Eyz = 4mVm−1, and disregarding this data point leads to
a somewhat lower slope in this clock angle bin. Overall,
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the equatorward expansion in the natural system is mod-
estly (∼10–20%) larger. The shift of the large-scale currents
along the noon-midnight meridian is presented in Fig. 7. In
contrast to the colatitude expansion, the P1 statistical anal-
ysis did not reveal a deﬁnite dependence of the noonward
shift on IMF clock angle. Therefore, a single linear function
ﬁt was estimated from all noon-shifts evaluated in the clock
angle range 90◦ <α <270◦ with a given Eyz magnitude. As
illustrated in Fig. 7, the simulation reproduces the noonward
shift of the Birkeland currents, but is, however, less pro-
nounced. While the observations show the currents shifting
duskward with increasing Eyz by about 0.4◦ (mVm−1)−1,
the shift in the simulation is only about 0.2◦ (mVm−1)−1 and
thus 50% smaller.
4.3 Solar wind ram pressure dependence
The solar wind dynamic pressure, psw, was identiﬁed in P1
to play a secondary role in controlling the Birkeland current
intensity. To determine the dependence of I on psw, the ob-
served current densities must ﬁrst be normalized with respect
to the solar wind electric ﬁeld using the relationships given
in Sect. 2. For this study, we used Eyz = 2.8mVm−1 as
the reference electric ﬁeld, while in P1, the current densities
were normalized using Eyz = 2.3mVm−1. Consequently,
the normalized total currents of the observations presented
here are modestly larger than in the previous study. The so-
lar wind dynamic pressure was computed from ACE obser-
vations using Eq. (5). To simulate different psw conditions,
the model input variables were recomputed for each psw step
using Eqs. (7)–(11). Maintaining average conditions for Eyz
and MA thereby necessarily implies that the quantities nsw,
vsw, and Byz vary in the simulation of different psw values.
Figure 8 shows the scatter plot of the observed and simu-
lated Birkeland total current versus psw sorted by IMF clock
angle in the same format as used in Fig. 5. The Birkeland
total current is observed to increase with increasing psw re-
gardless of IMF clock angle. The blue lines represent linear
ﬁts of the observed pressure dependence, showing a maxi-
mum increase for southward IMF (0.4MAnPa−1) and local
minima in the factors of proportionality for dawnward and
duskward orientation of the IMF. The Birkeland total cur-
rent increase with rising psw is reproduced by the simulation.
Similar to the observations, the simulation shows the maxi-
mum rate of increase for southward IMF. However, the rate
increase is only half that observed (0.2MAnPa−1). Further-
more, in contrast to the observations, the minimum increase
of I with psw was obtained for northward IMF rather than
for dawnward and duskward IMF directions.
4.4 Solar wind Alfv´ en Mach number dependence
In P1, it was initially anticipated that the Birkeland total cur-
rent also depends on the solar wind Alfv´ en Mach number,
MA. The reason for this assumption was that MA regulates
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Fig. 6. Dependence of the colatitude expansion of the large-scale
Birkeland current distribution on solar wind electric ﬁeld, Eyz, and
IMF clock angle, α, for the Iridium observations (blue dots) and
the BATS-R-US plus RCM simulations (red dots). The lines of the
respective color represent the linear least-squares ﬁt functions noted
at the top of each graph.
the magnetosheath plasma beta, which in turn controls the re-
connection efﬁciency (Anderson et al., 1997). The reconnec-
tion efﬁciency is known to control the magnetospheric elec-
tric potential (Siscoe et al., 2002b,a), which, during nominal
solar wind driving conditions, equals the ionospheric electric
potential that is proportional to the Birkeland current density.
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However, no such dependence was detected in the range of
modest solar wind conditions examined for the possible rea-
sons discussed in P1. Here we test the simulation against
the observed null result. For comparison with the simula-
tion, the Birkeland current densities were normalized to so-
lar wind electric ﬁeld and ram pressure of Eyz =2.8mVm−1
andpsw =1.7nPa, respectively. Subsequently, MA wascom-
puted for each event from ACE observations using Eq. (6).
Figure 9 shows the scatter plot of the observed Birkeland to-
tal current (blue dots) versus MA sorted by IMF clock angle
in the same format as used in Fig. 5. The linear ﬁts of the
observed dependence of I on MA exhibit slopes that are for
most clock angles near or below the 2σ conﬁdence limit of
the ﬁt. As discussed in P1, a correlation between these quan-
tities does either not exist or is too small to be resolved by the
Iridium data set. Within each panel, the total current from
the simulation for Eyz = 2.8mVm−1, psw = 1.7nPa, and
MA =2, 6, 10, and 14 are shown as red dots. In agreement
with the observations, the dependence of I on MA in the sim-
ulation is also weak and comparable to the observations.
5 Discussion
Thequalitativeand quantitative comparisons ofobservedand
simulated Birkeland current distributions conducted within
this study have illustrated a number of similarities and dif-
ferences, which are discussed below. Visual comparison of
Figs. 3 and 4 shows that the simulated Birkeland current pat-
ternsareoverallingoodagreementwiththeIridiumclimatol-
ogy averages. Owing to consideration of drift physics in the
inner magnetosphere, the simulation captures both Region-
1 and Region-2 Birkeland currents for southward IMF. The
simulation also reproduces the observed characteristic trans-
formations in response to the IMF By. Finally, the NBZ cur-
rent system observed during northward IMF at high latitudes
is reﬂected in the simulation output. A feature persistently
observed in the Birkeland current distributions during south-
ward IMF is a clockwise rotation of the distribution symme-
try axis by about 1-h of local time with respect to the noon–
midnight meridian. This bias to the reconnection geometry is
not reproduced by the simulation, implying a modest differ-
ence in the convection pattern compared to the natural sys-
tem. A possible reason for the discrepancy is the assump-
tion of vy =0kms−1 in the simulation. Quantitative analysis
of the cross-correlation between the observed and simulated
Birkeland current patterns yielded an average 2-D correlation
coefﬁcient of ∼0.8, with higher correlation found for south-
ward IMF conditions. Thus, small differences in symmetry
aside, the simulation reproduces the Iridium climatology, re-
ﬂecting average states of M-I coupling geometry, and its de-
pendence on IMF orientation reasonably well.
The total currents in the simulation match those com-
puted from the Iridium climatology generally well. The total
current for northward IMF is signiﬁcantly smaller than for
southward IMF so that the absolute differences between ob-
servations and simulation, which are of similar magnitudes
as encountered for southward IMF, carry a much larger rela-
tive weight. As a result, the observed total current for north-
ward IMF is about a factor of 2 larger than the simulations
show. Averaged over all IMF clock angle bins, the simula-
tion underestimates the total current derived from the Iridium
climatology averages by ∼10%. The simulation thus mim-
ics the average intensities of the M-I interaction with only
modest underestimation.
The Birkeland total current computed for individual events
frequently deviates from the Iridium climatology in magni-
tude (cf. Table 2) and furthermore exhibits signiﬁcant vari-
ability with respect to the statistical average (cf. Fig. 5). The
event-based and climatology-derived current estimates typi-
cally differ by a factor of ∼2, although the former can ex-
ceed the latter by factors up to ∼5 for some events. Because
the global model was found to be consistent with the Irid-
ium climatology, this disparity also extends to the simulation
results. It should be noted that the assessment for the dis-
parity between the Iridium observations and the model out-
put is likely conservative because previous comparisons of
ﬁts of the Iridium magnetic perturbations with in-situ data
from Ørsted and DMSP showed that the Iridium ﬁtted peak
magnetic perturbations are typically 30–50% too low (Ko-
rth et al., 2004, 2005, 2008a,b). Similar uncertainties apply
to the total current derived by integration over the Northern
Hemisphere. Thus, while the M-I coupling geometry and
intensity of the average magnetospheric conﬁguration is fa-
vorably reproduced by the simulation, the static global model
often falls short in its ability to predict the degree of coupling
observed for a particular state. It is possible that the variabil-
ity of the IMF, which is not included in the static simulations
but, although reduced to the extent possible, is inherently
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present during the Iridium intervals identiﬁed as stable in this
study, yields stronger and more variable Birkeland currents.
Testing this hypothesis requires a statistical comparison of
the observations with event-based simulations, which is be-
yond the scope of this study.
The simulation captures the trend in the dependence of the
Birkeland total current on the solar wind electric ﬁeld. Both
observations and simulation results show the total current to
increase with rising Eyz (cf. Fig. 5). However, the rate of the
change differs and, compared to the observations, is typically
25% lower in the simulation. As argued in P1, the Birkeland
current density, jr, is related to the solar wind drivers by
jr ∼Eswp
−1/6
sw frF(α) (15)
during moderate solar wind conditions (see also Siscoe et al.,
2002a,b). In Eq. (15), Esw and psw are the magnitudes of
the solar wind electric ﬁeld and dynamic pressure, respec-
tively, fr is the reconnection efﬁciency, and F(α) represents
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the clock-angle dependence of magnetic reconnection, where
F(0◦)=0 and F(180◦)=1. Since the Birkeland total cur-
rent is the areal integral of jr, the reconnection efﬁciency rep-
resentsthefactorofproportionalitybetweenthisquantityand
the solar wind and IMF properties. In the natural system, the
efﬁciency of magnetopause reconnection is controlled by the
magnetic ﬁeld and plasma conditions near the reconnection
site (Siscoe et al., 2002b). In the simulation, reconnection
is not driven by physical processes per se but instead by nu-
merical diffusion (Raeder, 1999). Since the mechanism for
magnetic reconnection in the natural system differs from that
in the simulation, a disparity in the total current dependence
on Eyz is not unexpected. In the future, the Iridium observa-
tions can serve a useful reference for parametric studies, such
as the numerical considerations examined by Ridley et al.
(2010), aiming at simulating the interaction between solar
wind and magnetosphere more accurately and thus improve
the performance metrics of the model.
The observed total current intensiﬁcation with increas-
ing solar wind dynamic pressure is also reproduced by the
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simulation. Although the rate of increase in the total cur-
rent differs between the simulation and the observations by
about a factor of 2, both data sets contrast the decrease in
the total current with increasing psw predicted by Eq. (15).
It was suggested in P1 that a portion of the Birkeland cur-
rents is generated by viscous interaction and this contribu-
tion is not included in Eq. (15). This interpretation was
supported by the fact that the total current dependence on
psw is weakest for dawnward and duskward IMF orienta-
tions, for which the magnetosphere is least susceptible to
the Kelvin-Helmholtz instability, which presumably drives
the viscous dynamo (Axford and Hines, 1961). However,
this interpretation does not apply to the simulation. Two-
dimensional MHD simulations of the Kelvin-Helmholtz in-
stability by Nykyri and Otto (2001) have shown that the spa-
tial scales of the resulting plasma vortices are of the order
of hundreds of kilometers. Since these structures are much
smaller than the simulation grid resolution at the ﬂanks of the
magnetopause, which ranges from 0.25RE at the dawn-dusk
terminator to 2RE at locations 20RE downtail, the Kelvin-
Helmholtz instability cannot be resolved by the global MHD
model. Furthermore, minima in the total current dependence
on psw are obtained for northward and southward IMF, in-
consistent with Kelvin-Helmholtz waves, which maximize
under these IMF orientations. Thus, the total current inten-
siﬁcation with increasing psw seen in the simulation results
cannot be attributed to viscous interaction contributing to the
generation of the Birkeland currents. It is possible that pres-
sure enhancements lead to higher stresses in the coupling be-
tween magnetosphere and ionosphere, which are mediated
by an increased ﬂow of Birkeland currents. In speciﬁc, as ar-
gued by Palmroth et al. (2004), the plasma sheet pressure is
in balance with the solar wind pressure (see also Borovsky
et al., 1998), so that variations in solar wind pressure in-
directly modify the Region-2 Birkeland current densities as
jk,R2 ∝∇V ×∇P, where V and P are the ﬂux tube volume
and inner-magnetospheric pressure (Vasyliunas, 1970), re-
spectively. Such process is not considered in the Hill model
of the transpolar potential represented by Eq. (15). There-
fore, deviations of the observed and simulated pressure de-
pendencies of the total current from predictions of the sim-
plistic Hill model are conceivable due to incomplete imple-
mentation of the physical processes of the natural system.
The model’s ability to reproduce the natural system de-
pends critically on the implementation details of individual
model components and of the coupling between these mod-
ules. While ﬁeld-aligned currents are computed in both the
inner-magnetosphere and global MHD modules, only cur-
rents from the MHD module are used as input parameters
to the ionospheric electrodynamics module. In the MHD
model, ﬁeld-aligned currents are generated locally where
curls exist in the magnetic ﬁeld and ﬂow along magnetic
ﬁeld lines to the simulation inner boundary. If the grid cells
in the simulation are not small enough, the simulated cur-
rents can diffuse and close prematurely in the magnetosphere
(Ridley et al., 2010). Furthermore, Region-2 currents in the
MHD model are driven by pressure gradients generated by
the inner-magnetosphere model. Assuming that the numeri-
cal dissipation in the inner-magnetosphere and MHD codes
is similar, the ﬁeld-aligned currents in the inner magneto-
spheric and MHD models are equivalent. However, this cou-
pling scheme breaks down when pressure gradients in the
inner magnetosphere extend to radial distances below the
simulation inner boundary, because the magnetic ﬁeld distor-
tions associated with the diamagnetic currents cannot be ad-
equately modeled. Above, only two of many ways in which
the model implementation affects the simulation results are
mentioned. In this study, we have identiﬁed both similari-
ties and differences between model and observations, and it
is hoped that our results prompt investigations into the origin
of the latter.
6 Summary and conclusions
We have compared statistical dependencies of the Birkeland
currents on solar wind parameters, which were derived from
Iridium distributed magnetic perturbation data and discussed
by Korth et al. (2010), with a global MHD simulation results.
The simulations were conducted at the publicly-accessible
Community Coordinated Modeling Center using the Univer-
sity of Michigan Space Weather Modeling Framework with
coupling to the Rice Convection model. The key ﬁndings
from the comparison are:
1. The global model reproduces the Iridium statisti-
cal Birkeland current patterns well, showing a two-
dimensional correlation coefﬁcient of ∼0.8 averaged of
all IMF clock angles bins. The simulation modestly un-
derestimatesthetotalcurrentintensityoftheIridiumcli-
matology by <10% on average.
2. The current intensity for individual events may devi-
ate signiﬁcantly from the climatology averages. Conse-
quently, it is not uncommon for the observed total cur-
rent to exceed this quantity in the simulation by factors
of ≥2. Considering that the Iridium-based estimates are
up to 50% lower than the true total current, our assess-
ment of the disparity is likely conservative.
3. The Birkeland total current increase with rising solar
wind electric ﬁeld magnitude and ram pressure is qual-
itatively reproduced by the model, but the rate of in-
crease is observed to be twice that reported by the sim-
ulation.
4. The observed equatorward expansion and noonward
shift of the Birkeland currents with increasing solar
wind electric ﬁeld are also evident in the simulation re-
sults but are not as pronounced.
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5. Consistent with the observations, the simulation does
not show a signiﬁcant dependence of the total current
on solar wind Alfv´ en Mach number.
The purpose of this study is to present an example for a
comprehensive and objective assessment of global magne-
tosphere simulation tools with focus on a particular set of
coupled models. Because the models and their performance
evolve in time, this analysis can only represent a snapshot
in the assessment of the state of our modeling capabilities.
Global Birkeland current distributions of much higher ﬁ-
delity than used for the present study are now publicly avail-
able through the Active Magnetosphere and Planetary Elec-
trodynamics Response Experiment (AMPERE). These data
should ﬁnd wide-spread use within the research community
in the future, among others, to facilitate continued critical
assessment of simulations tools.
Supplementary material related to this
article is available online at:
http://www.ann-geophys.net/29/1809/2011/
angeo-29-1809-2011-supplement.pdf.
Acknowledgements. We thank Iridium Satellite LLC for providing
the engineering magnetometer data for scientiﬁc analysis. Support
for processing and analysis of the Iridium magnetometer data was
provided by NSF under grant ATM-0539024. Any opinions, ﬁnd-
ings, and conclusions or recommendations expressed in this mate-
rial are those of the authors and do not necessarily reﬂect the views
of the National Science Foundation. We thank the ACE team for the
use of the MAG and SWEPAM data made available via the ACE
Level 2 data base. Finally, we acknowledge the Community Coor-
dinated Modeling Center (CCMC) for supporting the large number
of simulations required for the analysis presented here.
Topical Editor I. A. Daglis thanks T. I. Pulkkinen and V. P. Pap-
itashvili for their help in evaluating this paper.
References
Ahn, B.-H., Akasofu, A.-I., and Kamide, Y.: The Joule heat pro-
duction rate and the particle energy injection rate as a function
of the geomagnetic indices AE and AL, J. Geophys. Res., 88,
6275–6287, 1983.
Anderson, B. J., Phan, T. D., and Fuselier, S. A.: Relationships be-
tween plasma depletion and subsolar reconnection, J. Geophys.
Res., 102, 9531–9542, 1997.
Anderson, B. J., Takahashi, K., and Toth, B. A.: Sensing global
Birkeland currents with Iridium engineering magnetometer data,
Geophys. Res. Lett., 27, 4045–4048, 2000.
Anderson, B. J., Korth, H., Waters, C. L., Green, D. L., and
Stauning, P.: Statistical Birkeland current distributions from
magnetic ﬁeld observations by the Iridium constellation, Ann.
Geophys., 26, 671–687, doi:10.5194/angeo-26-671-2008, 2008.
Axford, W. I. and Hines, C. O.: A unifying theory of high-latitude
geophysical phenomena and geomagnetic storms, Can. J. Phys.,
39, 1443–1464, 1961.
Borovsky, J. E., Thomsen, M. F., and Elphic, R. C.: The driving
of the plasma sheet by the solar wind, J. Geophys. Res., 103,
17617–17639, 1998.
Carlson, C. W., McFadden, J. P., Ergun, R. E., Temerin, M., Peria,
W., Mozer, F.S., Klumpar, D.M., Shelley, E.G., Peterson, W.K.,
Moebius, E., Elphic, R., Strangeway, R., Cattell, C., and Pfaff,
R.: FAST observations in the downward auroral current region:
Energetic upgoing electron beams, parallel potential drops, and
ion heating, Geophys. Res. Lett., 25, 2017–2020, 1998.
Daum, P., Denton, M. H., Wild, J. A., Taylor, M. G. G. T.,
ˇ Safr´ ankov´ a, J., and Hayosh, M.: A general Cluster data and
global MHD simulation comparison, Ann. Geophys., 26, 3411–
3428, doi:10.5194/angeo-26-3411-2008, 2008.
De Zeeuw, D. L., Sazykin, S., Wolf, R. A., Gombosi, T. I., Ridley,
A. J., and Toth, G.: Coupling of a global MHD code and an
inner magnetospheric model: Initial results, J. Geophys. Res.,
109, A12219, doi:10.1029/2003ja010366, 2004.
Ergun, R. E., Andersson, L., Main, D. S., Su, Y.-J., Carlson, C. W.,
McFadden, J. P., and Mozer, F. S.: Parallel electric ﬁelds in the
upward current region of the aurora: Indirect and direct observa-
tions, Phys. Plasmas, 9, 3685–3694, 2002.
Fedder, J. A. and Lyon, J. G.: The Earth’s magnetosphere is 165
RE long: Self-consistent currents, convection, magnetospheric
structure, and processes for northward interplanetary magnetic
ﬁeld, J. Geophys. Res., 100, 3623–3635, 1995.
Fedder, J. A., Lyon, J. G., Slinker, S. P., and Mobarry, C. M.: Topo-
logical structure of the magnetotail as a function of interplane-
tary magnetic ﬁeld direction, J. Geophys. Res., 100, 3613–3621,
1995.
Frank, L. A., Ashour-Abdalla, M., Berchem, J., Raeder, J., Pater-
son, W. R., Kokubun, S., Yamamoto, T., Lepping, R. P., Coro-
niti, F. V., Fairﬁeld, D. H., and Ackerson, K. L.: Observations
of plasmas and magnetic ﬁelds in Earth’s distant magnetotail:
Comparison with a global MHD model, J. Geophys. Res., 100,
19177–19190, 1995.
Fukushima, N.: Generalized theorem for no ground magnetic effect
of vertical currents connected with Pedersen currents in uniform-
conductivity ionosphere, Rep. Ionos. Space Res. Jpn., 30, 35–40,
1976.
Gjerloev, J. W.: A global ground-based magnetometer initiative,
EOS Trans. AGU, 90, 230–231, 2009.
Goodrich, C. C., Lyon, J. G., Wiltberger, M., Lopez, R. E., and
Papadopoulos, K.: An overview of the impact of the January 10–
11, 1997 magnetic cloud on the magnetopshere via global MHD
simulation, Geophys. Res. Lett., 25, 2537–2540, 1998.
Guild, T. B., Spence, H. E., Kepko, E. L., Merkin, V., Lyon, J. G.,
Wiltberger, M., and Goodrich, C. C.: Geotail and LFM compar-
isons of plasma sheet climatology: 1. Average values, J. Geo-
phys. Res., 113, A04217, doi:10.1029/2007ja012613, 2008.
Harel, M., Wolf, R. A., Reiff, P. H., Spiro, R. W., Burke, W. J.,
Rich, F. J., and Smiddy, M.: Quantitative simulation of a mag-
netospheric substorm: 1. Model logic and overview, J. Geophys.
Res., 86, 2217–2241, 1981.
Korth, H., Anderson, B. J., Wiltberger, M. J., Lyon, J. G., and An-
derson, P. C.: Intercomparison of ionospheric electrodynamics
from the Iridium constellation with global MHD simulations, J.
Geophys. Res., 109, A07307, doi:10.1029/2004JA010428, 2004.
Korth, H., Anderson, B. J., Frey, H. U., and Waters, C. L.: High-
latitude electromagnetic and particle energy ﬂux during an event
Ann. Geophys., 29, 1809–1826, 2011 www.ann-geophys.net/29/1809/2011/H. Korth et al.: Global Birkeland currents comparison 1825
with sustained strongly northward IMF, Ann. Geophys., 23,
1295–1310, doi:10.5194/angeo-23-1295-2005, 2005.
Korth, H., Anderson, B. J., Lyon, J. G., and Wiltberger, M.: Com-
parison of Birkeland current observations during two magnetic
cloud events with MHD simulations, Ann. Geophys., 26, 499–
516, doi:10.5194/angeo-26-499-2008, 2008a.
Korth, H., Anderson, B. J., Ruohoniemi, J. M., Frey, H. U., Waters,
C.L., Immel, T.J., andGreen, D.L.: Globalobservationsofelec-
tromagnetic and particle energy ﬂux for an event during northern
winter with southward interplanetary magnetic ﬁeld, Ann. Geo-
phys., 26, 1415–1430, doi:10.5194/angeo-26-1415-2008, 2008b.
Korth, H., Anderson, B. J., and Waters, C. L.: Statistical analysis of
the dependence of large-scale Birkeland currents on solar wind
parameters, Ann. Geophys., 28, 515–530, doi:10.5194/angeo-
28-515-2010, 2010.
McComas, D. J., Bame, S. J., Barker, P. L., Feldman, W. C.,
Phillips, J. L., Riley, P., and Griffee, J. W.: Solar Wind Electron
Proton Alpha Monitor (SWEPAM) for the Advanced Composi-
tion Explorer, Space Sci. Rev., 86, 563–612, 1998.
Mobarry, C. M., Fedder, J. A., and Lyon, J. G.: Equatorial plasma
convection from global simulations of the Earth’s magneto-
sphere, J. Geophys. Res., 101, 7859–7874, 1996.
Nykyri, K. and Otto, A.: Plasma transport at the magnetopause
boundary due to reconnection in Kelvin-Helmholtz vortices,
Geophys. Res. Lett., 28, 3565–3568, 2001.
Palmroth, M., Janhunen, P., Pulkkinen, T. I., and Peterson, W. K.:
Cusp and magnetopause locations in global MHD simulation, J.
Geophys. Res., 106, 29435–29450, 2001.
Palmroth, M., Pulkkinen, T. I., Janhunen, P., McComas, D. J.,
Smith, C. W., and Koskinen, H. E. J.: Role of solar wind dy-
namic pressure in driving ionospheric Joule heating, J. Geophys.
Res., 109, A11302, doi:10.1029/2004JA010529, 2004.
Palmroth, M., Janhunen, P., Pulkkinen, T. I., Aksnes, A., Lu, G.,
Østgaard, N., Watermann, J., Reeves, G. D., and Germany, G. A.:
Assessment of ionospheric Joule heating by GUMICS-4 MHD
simulation, AMIE, and satellite-based statistics: towards a syn-
thesis, Ann. Geophys., 23, 2051–2068, doi:10.5194/angeo-23-
2051-2005, 2005.
Papitashvili, V. O., Christiansen, F., and Neubert, T.: A new
model of ﬁeld-aligned currents derived from high-precision
satellite magnetic ﬁeld data, Geophys. Res. Lett., 29, 1683,
doi:10.1029/2001GL014207, 2002.
Powell, K. G., Roe, P. L., Linde, T. J., Gombosi, T. I., and Zeeuw,
D. L. D.: A solution-adaptive upwind scheme for ideal magneto-
hydrodynamics, J. Comput. Phys., 154, 284–309, 1999.
Press, W.H., Teukolsky, S.A., Vetterling, W.T., andFlannery, B.P.:
Numerical Recipes in FORTRAN, Cambridge University Press,
Melbourne, Australia, 2nd edn., 1994.
Pritchett, P. L.: Particle-in-cell simulation of plasmas – A tutorial,
in: Space Plasma Simulation, edited by: B¨ uchner, J., Dum, C. T.,
and Scholer, M., Lecture Notes in Physics, pp. 1–24, Springer,
Berlin, 2003.
Rae, I. J., Kabin, K., Lu, J. Y., Rankin, R., Milan, S. E., Fenrich,
F. R., Watt, C. E. J., Zhang, J. C., Ridley, A. J., Gombosi, T. I.,
Clauer, C. R., Toth, G., and DeZeeuw, D. L.: Comparison of
the open-closed separatrix in a global magnetospheric simulation
with observations: The role of the ring current, J. Geophys. Res.,
115, A08216, doi:10.1029/2009ja015068, 2010.
Raeder, J.: Modeling the magnetosphere for northward interplane-
tary magnetic ﬁeld: Effects of electrical resistivity, J. Geophys.
Res., 104, 17357–17367, 1999.
Raeder, J.: Global magnetohydrodynamics – A tutorial, in: Space
Plasma Simulation, edited by: B¨ uchner, J., Dum, C. T., and
Scholer, M., Lecture Notes in Physics, pp. 212–246, Springer,
Berlin, 2003.
Raeder, J., Berchem, J., Ashour-Abdalla, M., Frank, L. A., Pater-
son, W. R., Ackerson, K. L., Kokubun, S., Yamamoto, T., and
Slavin, J. A.: Boundary layer formation in the magnetotail: Geo-
tail observations and comparison with a global MHD simulation,
Geophys. Res. Lett., 24, 951–954, 1997.
Raeder, J., McPherron, R. L., Frank, L. A., Kokubun, S., Lu, G.,
Mukai, T., Paterson, W. R., Sigwarth, J. B., Singer, H. J., and
Slavin, J. A.: Global simulation of the Geospace Environment
Modeling substorm challenge event, J. Geophys. Res., 106, 381–
395, 2001a.
Raeder, J., Wang, Y. L., Fuller-Rowell, T. J., and Singer, H. J.:
Global simulation of magnetospheric space weather effects of
the Bastille Day storm, Solar Phys., 204, 325–338, 2001b.
Rasmussen, C. E., Schunk, R. W., and Wickwar, V. B.: A photo-
chemicalequilibriummodelforionosphericconductivity, J.Geo-
phys. Res., 93, 9831–9840, 1988.
Richmond, A. D. and Kamide, Y.: Mapping electrodynamic fea-
tures of the high-latitude ionosphere from localized observations
– Technique, J. Geophys. Res., 93, 5741–5759, 1988.
Ridley, A. J. and Liemohn, M. W.: A model-derived storm time
asymmetric ring current driven electric ﬁeld description, J. Geo-
phys. Res., 107, 1151, doi:10.1029/2001ja000051, 2002.
Ridley, A. J., De Zeeuw, D. L., Gombosi, T. I., and Powell, K. G.:
Using steady state MHD results to predict the global state of
the magnetosphere-ionosphere system, J. Geophys. Res., 106,
30067–30076, 2001.
Ridley, A. J., Gombosi, T. I., and DeZeeuw, D. L.: Ionospheric
control of the magnetosphere: conductance, Ann. Geophys., 22,
567–584, doi:10.5194/angeo-22-567-2004, 2004.
Ridley, A. J., Gombosi, T. I., Sokolov, I. V., Tth, G., and Welling,
D. T.: Numerical considerations in simulating the global mag-
netosphere, Ann. Geophys., 28, 1589–1614, doi:10.5194/angeo-
28-1589-2010, 2010.
Shao, X., Guzdar, P. N., Milikh, G. M., Papadopoulos, K.,
Goodrich, C. C., Sharma, A., Wiltberger, M. J., and Lyon,
J. G.: Comparing ground magnetic ﬁeld perturbations from
global MHD simulations with magnetometer data for the 10 Jan-
uary 1997 magnetic storm event, J. Geophys. Res., 107, 1177,
doi:10.1029/2000ja000445, 2002.
Siscoe, G. L., Crooker, N. U., and Siebert, K. D.: Trans-
polar potential saturation: Roles of region 1 current system
and solar wind ram pressure, J. Geophys. Res., 107, 1321,
doi:10.1029/2001JA009176, 2002a.
Siscoe, G. L., Erickson, G. M., Sonnerup, B. U. ¨ O., Maynard, N. C.,
Schoendorf, J. A., Siebert, K. D., Weimer, D. R., White, W. W.,
and Wilson, G. R.: Hill model of transpolar potential satura-
tion: Comparisons with MHD simulations, J. Geophys. Res.,
107, 1075, doi:10.1029/2001JA000109, 2002b.
Smith, C. W., L’Heureux, J., Ness, N. F., Acu˜ na, M. H., Burlaga,
L. F., and Scheifele, J.: The ACE magnetic ﬁelds experiment,
Space Sci. Rev., 86, 613–632, 1998.
Toffoletto, F., Sazykin, S., Spiro, R., and Wolf, R.: Inner magne-
tospheric modeling with the Rice Convection Model, Space Sci.
www.ann-geophys.net/29/1809/2011/ Ann. Geophys., 29, 1809–1826, 20111826 H. Korth et al.: Global Birkeland currents comparison
Rev., 107, 175–196, 2003.
Toth, G., Sokolov, I. V., Gombosi, T. I., Chesney, D. R., Clauer,
C. R., Zeeuw, D. L. D., Hansen, K. C., Kane, K. J., Manchester,
W. B., Oehmke, R. C., Powell, K. G., Ridley, A. J., Roussev,
I. I., Stout, Q. F., Volberg, O., Wolf, R. A., Sazykin, S., Chan,
A., Yu, B., and Kota, J.: Space Weather Modeling Framework:
A new tool for the space science community, J. Geophys. Res.,
110, A12226, doi:10.1029/2005ja011126, 2005.
Vasyliunas, V. M.: Mathematical models of magnetospheric con-
vection and its coupling to the ionosphere, in: Particles and
Fields in the Magnetosphere, edited by: McCormac, B. M., D.
Reidel, Norwell, MA, 1970.
Wang, H., Ridley, A. J., and L¨ uhr, H.: Validation of
the space weather modeling framework using observations
from CHAMP and DMSP, Space Weather, 6, S03001,
doi:10.1029/2007sw000355, 2008.
Waters, C. L., Anderson, B. J., and Liou, K.: Estimation of global
ﬁeld aligned currents using the Iridium System magnetometer
data, Geophys. Res. Lett., 28, 2165–2168, 2001.
Weimer, D. R.: Maps of ionospheric ﬁeld-aligned currents as a
function of the interplanetary magnetic ﬁeld derived from Dy-
namics Explorer 2 data, J. Geophys. Res., 106, 12889–12902,
2001.
Winske, D., Yin, L., Omidi, N., Karimabadi, H., and Quest, K.:
Hybrid simulation codes: Past, present and future – A tutorial,
in: Space Plasma Simulation, edited by: B¨ uchner, J., Dum, C.
T., and Scholer, M., Lecture Notes in Physics, pp. 136–165,
Springer, Berlin, 2003.
Yu, Y. Q. and Ridley, A. J.: Validation of the space weather
modeling framework using ground-based magnetometers, Space
Weather, 6, S0502, doi:10.1029/2007sw000345, 2008.
Yu, Y. Q., Ridley, A. J., Welling, D. T., and Toth, G.: Including gap
region ﬁeld-aligned currents and magnetospheric currents in the
MHD calculation of ground-based magnetic ﬁeld perturbations,
J. Geophys. Res., 115, A08207, doi:10.1029/2009ja014869,
2010.
Ann. Geophys., 29, 1809–1826, 2011 www.ann-geophys.net/29/1809/2011/